Reprogramming of somatic cells produces induced pluripotent stem cells (iPSCs) that are invaluable resources for biomedical research. Here, we extended the previous transcriptome studies by performing RNA-seq on cells defined by a combination of multiple cellular surface markers. We found that transcriptome changes during early reprogramming occur independently from the opening of closed chromatin by OCT4, SOX2, KLF4, and MYC (OSKM). Furthermore, our data identify multiple spliced forms of genes uniquely expressed at each progressive stage of reprogramming. In particular, we found a pluripotency-specific spliced form of CCNE1 that is specific to human and significantly enhances reprogramming. In addition, single nucleotide polymorphism (SNP) expression analysis reveals that monoallelic gene expression is induced in the intermediate stages of reprogramming, while biallelic expression is recovered upon completion of reprogramming. Our transcriptome data provide unique opportunities in understanding human iPSC reprogramming.
INTRODUCTION
Induced pluripotent stem cells (iPSCs) have similar properties as embryonic stem cells (ESCs), such as self-renewal and differentiation capacity (Park et al., 2008c; Takahashi and Yamanaka, 2006) . Reprogramming technique offers tremendous potential for disease modeling, cell-based therapy, and drug screening (Park et al., 2008a) . Although the reprogramming process is quite robust and applicable to various types of adult differentiated cells, only a small fraction of donor cells reaches a fully pluripotent state, while the majority are refractory to reprogramming. Imperfect reprograming may carry somatic memory and may contribute to cancer development (Ohnishi et al., 2014) . Therefore, efficient selection and generation of bona fide iPSCs are essential for safe uses in regenerative medicine.
Serial live cell imaging is one of the tools to distinguish bona fide human iPSCs (hiPSCs) from partially reprogrammed cells. Previously, we identified three distinct types of expandable hESC-like colonies during reprogramming via expression patterns of virus-derived GFP, fibroblast marker CD13 (ANPEP), and two pluripotent markers SSEA4 and TRA160 (Chan et al., 2009 Reprogramming pathways have been extensively studied. Mesenchymal-to-epithelial transition (MET) occurs in the initial phase of reprogramming and is synergistically activated by OCT4, SOX2, KLF4, and MYC (OSKM) and BMP signaling, but is blocked by the transforming growth factor b (TGF-b) pathway (Li et al., 2010; Samavarchi-Tehrani et al., 2010) . Despite the active function of BMP in the initial reprogramming, BMP proteins prevent the transition of pre-miPSCs to fully reprogrammed miPSCs by maintaining H3K9 methylation (Chen et al., 2013) . In contrast, ACTIVIN/NODAL signaling pathway, which is a branch of TGF-b signaling, is essential for mESC selfrenewal (Ogawa et al., 2007) . WNT ligands and a downstream component of WNT signaling pathway, b-catenin, are required to prevent differentiation and maintain selfrenewal in mESCs (Lyashenko et al., 2011) . Whereas the transcriptional repressor TCF3 inhibits mESC self-renewal, an interaction with b-catenin followed by WNT3A stimulation activates the expression of self-renewal genes by blocking the TCF3 repressive activity (Yi et al., 2011) . A recent study further defined the role of WNT, revealing that this pathway is a negative regulator in the early stages, but switches to a positive regulator in the late stage of mouse reprogramming (Ho et al., 2013) .
Transcription profiling during reprogramming has provided critical insights into understanding reprogramming. Microarray-based transcriptome analysis in miPSCs and partially reprogrammed murine cell populations sorted by a fibroblast marker (THY1) and two pluripotent markers (SSEA1 and Oct4-GFP) revealed that the reprogramming process is composed of two main transcriptional waves (Polo et al., 2012) . The first wave is driven by Myc and Klf4 and characterized by the loss of fibroblast identity and a gain in cell proliferation. The second wave is controlled by Oct4, Sox2, and Klf4 and is associated with changes in DNA methylation that facilitate stable pluripotency. A microarray and single-cell qPCR study of cell populations sorted by virus-driven EGFP and TRA160 in hiPSC reprogramming, showed that TRA160 + cell populations at late time points (approximately day 28) exhibit more similar gene expression patterns to hESCs and less heterogeneous than those at early time points (approximately day 11) (Tanabe et al., 2013) . However, most of the nascent TRA160 + cells fail to complete reprogramming. These recent reports indicate that transcriptional and signaling regulatory networks are different among intermediate steps.
Here, we set out to investigate the progressive steps of hiPSC reprogramming by Phi29 DNA polymerase-based mRNA-sequencing (Phi29-mRNA amplification [PMA] RNA-seq) that enables us to monitor transcriptomes in scarce intermediate cell populations (Pan et al., 2013) . We identified unique pluripotency-specified spliced transcripts and determined a surprising function of a spliced form of CCNE (pCCNE1) in improving the reprogramming efficiency. We also found that the actively reprogramming intermediate stage cells acquire a unique ASE pattern, which is erased when reprogramming is completed. Overall, our data analyses allowed us to further dissect the mechanism of hiPSC reprogramming.
RESULTS

Strategy of Transcriptome Profiling from Partially Reprogrammed Cell States
In order to facilitate isolating cells undergoing reprogramming, we initiated reprogramming in human primary fibroblasts with pMSCV-IRES-GFP-based retroviral vectors expressing OSKM (Park et al., 2008b) . Cells were harvested at day 3 and weeks 1, 2, 3 and 4 after the viral infection (Figure S1A) . The intermediate reprogramed cells from weeks 1 to 4 were further separated by fluorescence-activated cell sorting (FACS) using antibodies for CD13, SSEA4, and TRA160 or GFP expression. At week 1, the majority of cells express virus-derived GFP (Figure S1B (Pan et al., 2013) .
Initial Gene Regulation by OSKM Overexpression in hiPSC Reprogramming
To examine genes immediately regulated by OSKM induction, we compared the transcriptome profile in cells 3 days post-ectopic OSKM overexpression with that of parental fibroblast cells ( Figure 1A ). Gene Ontology (GO) analysis showed that upregulated genes at day 3 are related to ''type I interferon signaling pathway'' and ''histone modification'' ( Figure 1B ). These genes include EHMT1, EZH2 (Onder et al., 2012 ), HMGA1 (Shah et al., 2012 , MED12 , RARG (Wang et al., 2011), and TAF11 (Maston et al., 2012) , which are highly expressed in hESCs and are required for self-renewal, maintenance of pluripotency, or hiPSC reprogramming. Downregulated genes are involved with ''cell development'' and ''TGF-b signaling pathway.'' Inhibition of the TGF-b signaling pathway has been characterized and previously shown to enhance iPSC reprogramming (Ichida et al., 2009) . These initial responses to OSKM are also detected by reprogramming with electroporation of episomal vectors ( Figure S1C ). Since the type I interferon pathway is also triggered by the empty vector with infection or electroporation, the induction of this pathway seems to be a general cellular response to foreign viral DNA and not OSKM per se, as both the pMSCV construct and episomal plasmids have been assembled with viral elements (retrovirus and Epstein-Barr virus, respectively). Thus, our data support that the major role of OSKM in the early phase of reprogramming is the activation of reprogramming-related histone remodelers and transcription factors and the suppression of signaling pathways interfering with iPSC reprogramming. This early plasticity, also observed in our 3-day RNA-Seq data, can be utilized to direct differentiation to any lineage of choice (Efe et al., 2011). See also Figure S1 .
We next asked whether chromatin signatures in the parental fibroblasts and the initial binding of OSKM at promoters determine the genes regulated in the initial phase of reprogramming. To this end, the upregulated and downregulated genes at day 3 were compared with public ChIP-seq studies for histone modifications and OSKM (Soufi et al., 2012) in fibroblast cells. We did not observe a distinct correlation of the histone modification level and initial OSKM binding between upregulated and downregulated genes at day 3. However, both upregulated and downregulated genes at day 3 showed significantly higher open chromatin marks H3K4me3 and H3K27ac and lower closed chromatin mark H3K27me3 than non-regulated genes ( Figure 1C ). In addition, OCT4, KLF4, and MYC, but not SOX2, are significantly enriched in both initially regulated promoters ( Figure 1D ), indicating that genes within pre-existing open chromatin regions are initially regulated by OKM, which act as both activators and repressors.
Transcriptome Analysis Revealed Three Representative Intermediate States during hiPSC Reprogramming Consistent with our previous classification (Chan et al., 2009) , principle component analysis (PCA) segregates the partially reprogrammed cell populations into three distinct stages (types I, II, and III) as well as fibroblast-like and ESC/ iPSC stage ( Figure 2A (Table S1 ). Around 900 genes show significantly higher expression in ESC/iPSC stage compared with type III (Figure S1E) and are overrepresented as ''chromatin modifications'' and ''transcription cofactor activity'' ( Figure S1F ). Next, our transcriptome data were compared with gene signatures of unsorted and sorted populations (GFP + TRA160
À , or TRA160 + ) from the published work (Tanabe et al., 2013) by gene set enrichment analysis (GSEA) ( Table  S2A ). All of these signatures are significantly induced in the transition from fibroblast-like to type I stage and also are upregulated in later stages ( Figure S1G Population-based transcriptome analysis provides a more robust quantification of gene expression and has relatively low technical noise and high reproducibility (Marinov et al., 2014) . Although it is very useful to flesh out the characteristics of the whole population, we cannot gauge the biological variation between the cells comprising that population. In order to investigate the heterogeneity of the intermediates, we compared our data with single-cell datasets obtained from partially reprogrammed cells (Chung et al., 2014 Figure 2C ) (Polo et al., 2012) . We further addressed the expression changes in genes related to stem cell functions ( Figure 2B ). Genes related to stem cell maintenance and development and telomere maintenance are significantly induced in I-to-III and IIto-III transitions (FDR < 0.005). These gene sets are significantly depleted in I-to-II transition (FDR < 0.002), indicating that stem cell properties are gained with naivestate induction in type III. Gene sets involved in fibroblast proliferation are significantly suppressed in I-to-II and I-to-III transitions, confirming that type I stage still has fibroblast features. We observed a significant reduction of EMT-upregulated genes in MEF-to-ThyI + transition in mouse (FDR = 0.001) ( Figure 2C ). On the other hand, we found a significant induction of epithelium developmental genes in fibroblast-to-I transition (FDR = 0.005) and a reduction of EMT-upregulated genes in I- (Table S2D ) Sperger et al., 2003) . In hiPSC reprogramming, we observed that ECC-specific genes are significantly enriched in fibroblast-to-I transition ( Figure 2D ; FDR = 0.019). Interestingly, ECC-specific genes are significantly depleted in I-to-II, I-to-III, and II-to-III transitions (FDR = 0.001, 0.007, and 0.001, respectively). Additionally, a significant induction of ESC-specific genes was observed in I-to-III and II-to-III transitions (FDR = 0.001 and 0.001, respectively), indicating that type I is more tumorigenic than the other intermediate stages. This is consistent with our previous report demonstrating the formation of poorly differentiated teratomas from type I cells when injected into immunodeficient mice (Chan et al., 2009) . In mouse, ECC-specific genes are significantly induced at Oct4-GFP + stage (FDR = 0.001), but are reduced at mature iPSCs (FDR = 0.001) ( Figure 2E ). Our results show that tumorigenic potential was induced at the early and late stage of iPSC reprogramming in human and mouse, respectively.
Unique Alternative Splicing in Reprogramming
Alternative splicing (AS) is a key event to generate multiple isoforms and functional diversity in proteins. ESC/iPSC-or type III-specific isoforms are hypothesized to modulate the regulation of pluripotency and self-renewal. To identify stage-specific AS events, we compared spliced read alignments among different reprogramming stages ( Figure S2A ). A total of 636,803 junctions were aligned by our RNA-seq libraries, and about 24.6% of them were matched with splicing sites of RefSeq genes; 47.7% of them were not matched with RefSeq splicing sites, but were observed within RefSeq gene bodies. Spliced junctions within RefSeq genes were further filtered by (1) stage specificity score, (2) gene expression level, and (3) normalized counts of reads spanning the junction (see Experimental Procedures). Finally, a total of 2,342 (0.367%) splice junctions in 774 genes were identified as stage-specific AS candidates ( Figure 3A ). These candidates include spliced junctions in known differentiated cell-or ESC-specific isoforms of FOXP1 and MBD2 (Gabut et al., 2011; Lu et al., 2014) (Figures S2B and S2C) .
In this study, we focused on the function of a previously uncharacterized variant from the CCNE1 gene. This variant excludes a highly conserved exon 9 of CCNE1 (Figure S3A ), leading to the modification of Cyclin C-terminal (Cyclin_C) domain ( Figure 3B ). RT-PCR assay confirmed that the exclusion of exon 9 is observed only in pluripotent-cell stages (type III and ESC/iPSC) (pCCNE1, pluripotent CCNE1) ( Figure 3C ). In contrast, the known isoform of CCNE1 (NM_001238) is ubiquitously expressed from fibroblasts to ESC/iPSC stage (uCCNE1, ubiquitous CCNE1). Since pCCNE1 is also detectable in reprogramming with somatic cell nuclear transfer, Sendai virus ( Figure S3B ), episomal vectors ( Figure S3C ) and polycistronic OSKM lentivirus ( Figures S3D and S3E ), its induction does not depend on reprogramming methods. Whereas ESC-specific isoforms of Foxp1 and Mbd2 were also observed in mESCs ( Figures S2B and S2C ), exon 9 skipping of Ccne1 was not detected in mouse embryonic fibroblasts (MEFs), epiblast stem cells (EpiSCs) and ESCs ( Figures 3D and 3E ), indicating that pCCNE1 is a human-specific transcript variant.
Despite the high levels of uCCNE1 and pCCNE1 in type III stage and ESCs/iPSCs (Figures 3D and S3B-S3E), neither isoform is considerably expressed in fibroblasts after individual or combinatorial OSKM overexpression (Figures S3F and S3G) . However, pCCNE1 expression is significantly increased by uCCNE1 overexpression (p = 2.21e-4), whereas pCCNE1 does not affect uCCNE1 transcription (p = 0.077). These results suggest that the stem cell-specific splicing of CCNE1 is not an initial target of OSKM; instead, it is most likely controlled by a higher amount of uCCNE1 and the transcriptional and signaling networks of pluripotency established in mature hiPSCs ( Figure S3H ).
Given the specificity of pCCNE1 expression in the pluripotent stage, we next asked about the functional differences between pCCNE1 and uCCNE1. Consistent with our knowledge that CCNE1 is involved in the cell cycle (Honda et al., 2005) , overexpression of uCCNE1 significantly accelerates cell proliferation (p = 0.033 by one-side t test; Figure 3F ). In contrast, pCCNE1 displays little effect on cell-cycle progression (p = 0.058). Furthermore, pCCNE1 cannot enhance cell proliferation even after OSKM induction (p = 0.312; Figure 3G ), indicating that pCCNE1 loses its (if any) functional role in the cell-cycle progression during reprogramming. Interestingly, overexpression of pCCNE1, but not uCCNE1, with OSKM significantly increased the efficiency of hiPSC reprogramming by 4-fold more than OSKM alone (p = 0.022) or empty vector + OSKM (p = 0.022) ( Figure 3H ), as quantified by alkaline phosphatase (AP) staining. We validated our reprogramming data by double staining iPSCs with pluripotency markers SSEA4 and TRA160 ( Figure S3I ). Taken together, our results indicate that pCCNE1 is a newly identified pluripotent spliced form utilized by somatic cells to acquire pluripotency in a cell cycle-independent manner.
Monoallelic Gene Expression Is Uniquely Induced in Reprogramming
Allele-specific expression (ASE) is one of the gene regulatory systems that increase gene variations in a cell. A major change in ASE is known to occur during the pre-implantation development following maternal mRNA loss and paternal genome activation. Zygotic gene activation is induced at four-to eight-cell transition in humans and at one-to two-cell transition in mice (Xue et al., 2013) , whereas in the blastocyst, the majority of genes are expressed biallelically. ESCs and differentiated cells display around 65%-80% of biallelic gene expression (EckersleyMaslin et al., 2014) . Despite much interest in its regulation, the ASE change during hiPSC reprogramming has been poorly understood due to the absence of advanced molecular tools. Thus, we measured the heterozygous single nucleotide polymorphism (SNP) expressions in each cell population isolated during reprogramming and calculated ASE ratios (reference:alternative allele expression ratios) for 105 SNPs observed within genes expressed in parental fibroblasts, intermediate stages, and established iPSCs; 68 of 105 SNPs were known SNPs registered in dbSNP Build 132 ( Figure 4A ). ASE ratios showing symmetric distribution with the highest peak at 0.5 were observed in parental fibroblasts, cell populations expressing fibroblast marker CD13 (GFP + CD13 + ), and iPSCs ( Figure 4B ), consistent with our previous report (Lee et al., 2009 ). This indicates that most genes are expressed from both alleles, or cells expressing either allele are equally mixed in these populations. On the other hand, in types I, II, and III-stage cell populations, ASE ratios in several SNPs were increased and decreased closer to 1 or 0, respectively, indicating that either allele is preferentially expressed during hiPSC reprogramming. The bias level of allelic preference is significantly higher in types I, II, and III than the fibroblast stage ( Figure 4C ; p = 4.14e-3, 4.29e-2, and 6.50e-4, respectively). This ASE bias was also observed in polycistronic vectorbased reprogramming, indicating that the occurrence of ASE is not a corollary to individually expressed transgenes ( Figure S3J ). To validate ASE during iPSC reprogramming, we selected two SNPs in the RPN and P4HB genes and analyzed the SNP expression by Sanger sequencing ( Figure 4D ). These genes were expressed from both alleles (C and T) in parental D551 fibroblast, fibroblast-stage cell population, and iPSCs, while either allele (C or T) was predominantly or preferentially expressed in types I, II, and III. These results 
Biphasic Change of Signaling Pathways
To gain insight into the mechanisms of signaling pathways in iPSC reprogramming, we analyzed their enrichment at each intermediate stage ( Figure 5A ; Table S2C ). Type I-to-II transition was well represented by the reduction of most signaling pathways, while type II-to-III transition was characterized by the induction of NOTCH and WNT (FDR < 0.042; Figure 5B ). Signaling pathways normally reduced or blocked in iPSC reprogramming (p53, neurotrophin, and MAPK) were indeed significantly repressed in (F and G) Effect of CCNE1 variants on cell growth rate. Fold change of cell count at day 11 to that at day 0 was calculated (F) without and (G) with OSKM induction (*p < 0.05 by one-side t test, three biological replicates). Error bars represent SD. I-to-II, I-to-III, and II-to-III transitions (FDR < 0.009) (Hong et al., 2009; Ishizuka et al., 2014; Levenberg et al., 2005) . No significant induction or repression of any signaling pathways was observed in fibroblast-to-I and III-to-ESC/iPSC transition.
NOTCH signaling is one of the pathways that display a biphasic change. By adding NOTCH inhibitor DAPT or activator DLL4 ligand at specific periods of reprogramming ( Figure S4A ), we found that NOTCH inhibition at an early time point and activation at a late time point is more efficient than vice versa in enhancing reprogramming ( Figures  S4B and S4C ). These data suggest that biphasic change of signaling pathway is an important consideration to improve the efficiency of iPSC reprogramming.
Conversely, we found no significant induction in most of signaling pathways between intermediate cells during murine iPSC reprogramming ( Figures 5C and 5D ). Only the P53 signaling pathway was significantly upregulated in Oct4-GFP + -to-iPSC transition (FDR = 0.001). These results suggest distinct signaling mechanisms during iPSC reprogramming between human and mouse or, alternatively, that hiPSC reprogramming is more sensitive to signaling pathways.
Type III and ESC/iPSC Signatures Are Co-regulated by Multiple Pluripotent Transcription Factors
Developmental genes have high factor loadings (FLs), while genes associated with the cell cycle and stem cell development have low FLs in principle component (PC) 2 and 3 ( Figure S5A ). Using FLs in PC1-3, we classified genes into three groups that are highly expressed in fibroblast type I (957 genes), type II (123 genes), and III-ESC/iPSC (511 genes) ( Figure 6A ; Table S3 ). The fibroblast type I group includes many fibroblast-specific markers such as CD13, COL1A1, COL1A2, and S100A4. In contrast, type III-ESC/iPSC group contains known pluripotency genes such as LIN28A, NANOG, PRDM14, ZFP42 (REX1), and DNMT3B. The type II group includes genes that both promote (OGT and PAF1) and block pluripotency and selfrenewal (LEFTY2) (Ding et al., 2009; Jang et al., 2012; Kim et al., 2014a) .
To understand the regulatory mechanism of type III and iPSC gene signatures, we analyzed genes targeted by three main pluripotency regulatory factors (NANOG, PRDM14, and LIN28A) enriched in type III/ESC/iPSCs by using publicly available ChIP-seq and CLIP-seq datasets Kunarso et al., 2010; Wilbert et al., 2012) . Whereas NANOG binds more than 15,000 gene loci, PRDM14 and LIN28A targets comprise around 5,000 genes ( Figure S5B ). In addition, more than 95% of LIN28A and PRDM14 targets were co-targeted by NANOG. NANOG targets were significantly enriched in the fibroblast type I (p = 1.20e-12 by hypergeometric test) and type III-ESC/iPSC groups (p = 6.26e-3), but not in type II (p = 0.999) ( Figures 6B  and S5C ). However, unique targets of NANOG are only significantly enriched in the fibroblast type I group (p = 2.86e-5), but not in type II (p = 0.983) and type III-ESC/ iPSC groups (p = 0.871), suggesting that the gene regulation of type III-ESC/iPSC group is mediated by co-regulation of NANOG and the other pluripotent factors.
We found that endogenous OCT4 and SOX2 RNA expressions are only induced in type III and ESC/iPSCs ( Figure 6C ; Table S4 ). Since endogenous Oct4, Sox2, and Klf4 are induced in iPSCs and ESCs ( Figure S5D ), human and mouse employ distinct regulatory mechanisms to establish iPSCs. Co-targets of OCT4 and SOX2 were significantly enriched in type III-ESC/iPSC group ( Figure S5E ; p = 3.59e-14). These results indicate that the activation of endogenous OCT4 and SOX2 is correlated with the induction of type III and ESC/iPSC gene signatures in human. In addition, we found that whereas MYC and KLF4 are targeted by NANOG only, OCT4 and SOX2 are co-targeted by NANOG, PRDM14, and LIN28A ( Figure 6D ), supporting our hypothesis that coregulation of multiple pluripotent transcription factors is required to regulate type III and iPSC gene signatures.
DISCUSSION
Dissecting the transcriptional landscape of reprogramming represents one of the most straightforward ways to understand cell fate change. Most previous studies performed gene expression profiling in whole population of cells undergoing reprogramming. Only recently, the Yamanaka group described the transcriptome changes during human somatic cell reprogramming by microarray analysis of TRA160 sorted cells (Tanabe et al., 2013) . Here, we used RNA-Seq to perform extensive transcriptome analyses of somatic cells undergoing reprogramming based on more elaborate combinatorial staining with CD13, SSEA4, and TRA160 and retroviral GFP.
By analyzing cells 3 days post-reprogramming factor induction, we demonstrated that the earliest gene expression response is independent of chromatin changes induced by OSKM. Although a previous study demonstrated that as pioneer regulators OCT4, SOX2, and KLF4 bind to the closed chromatin regions and initiate chromatin rearrangements (Soufi et al., 2012) , our results showed that genes located at the closed chromatin regions do not show large transcriptional differences at day 3. Our observation suggests that 3 days is too short a time to remodel the fibroblast closed chromatin structure by OSK and that the initial gene regulation is mainly controlled by OKM transcriptional regulatory function.
Current transcriptome analysis by RNA-seq identified a large number of splicing variants of genes expressed at progressive stages of reprogramming, in addition to parental fibroblasts and iPSCs. In particular, we found that CCNE1 expresses human-specific pluripotent splicing variant pCCNE1 only when cells acquire pluripotency. One of the known functions of CCNE1 involves promoting the entry of G1 to S phase by binding to phospho-cyclin-dependent kinase 2 (pCDK2). Overexpression of a full-length uCCNE1 was not effective in promoting reprogramming, while pCCNE1 improved reprogramming without influencing cell-cycle progression. These data suggest that pCCNE1 possesses a pluripotency-specific function different from the cell-cycle-related general function of uCCNE1. The pCCNE1 isoform lacks exon 9, which is composed of two a helices and a loop ( Figure S3A ), and may thus play a role independently of its interaction with pCDK (Honda et al., 2005) and its localization at the centrosome (Matsumoto and Maller, 2004) . In addition to pCCNE1, a large number of spliced forms of previously uncharacterized genes were identified in our analysis, and our data will be a very useful resource to dissect the regulation of gene splicing during reprogramming and function of genes uniquely spliced at pluripotency.
We found that the transitions of type I to types II and III are accompanied by dramatic changes in multiple signal transduction pathways. Interestingly, the P53 pathway was enriched in type III to ESC/iPSC in human and Oct4-GFP+ to iPSCs in mouse. Initially this finding seems somewhat contradictory, as P53 downregulation has been consistently shown to enhance the reprogramming process. However, at least in the human data, we found enrichment of cell-cycle-related genes, stress response, and DNA repair at later reprogramming stages. Since iPSCs have somatic mutations independently of derivation method as well as chromosomal aberrations of parental origin and from early and late passages (Gore et al., 2011; Johannesson et al., 2014) , upregulation of P53 pathway could be a response to counter these genetic changes and maintain DNA integrity. Thus, although the purpose of late P53 induction is unclear at present, our data and previous studies point to one or more combinations of a faster cell cycle, reprogramming itself, original parental aberrations, and culture conditions. Similarly, we identified the biphasic repression and induction of the NOTCH signaling pathway, consistent with a recent report (Ichida et al., 2014) . We further validated that activation of NOTCH pathway at a late time point increases reprogramming efficiency. We provide valuable information on the distinct function of signaling factors during different stages of reprogramming in order to more efficiently generate iPSCs.
Overall, our robust transcriptome data in cells undergoing hiPSC reprogramming showed dramatic changes in cell signaling pathways, human-specific AS, and ASE during the progressive cell fate change of fibroblasts to iPSCs ( Figure 6E ). The data will broaden the knowledge of the reprogramming process and human-specific gene regulation.
EXPERIMENTAL PROCEDURES
Cell Culture
Normal primary fibroblast Detroit 551 were purchased from American Type Culture Collection (CCL-110) and maintained in DMEM high glucose (GIBCO) supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin. Human ESCs and iPSCs were cultured on irradiated murine embryonic feeder cells in medium containing DMEM/F12, 20% knockout serum replacement, and 4 ng/ml basic fibroblast growth factor (bFGF).
iPSC Reprogramming and Cell Sorting
The reprogramming procedure was conducted as previously described (Park et al., 2008b) . Detroit 551 cells were seeded at 100,000 cells/well of a six-well plate 1 day prior to infection. A retrovirus cocktail containing OSKM was added to each well at MOI 5. On day 5 post-infection, the cells were trypsinized and transferred to 10-cm culture dishes containing MEFs. Prior to sorting, the cells were detached using accutase, washed, and incubated in 20% FBS in 13 PBS with the following antibodies according to manufacturer's recommended dilutions: anti-human CD13 (BD catalog number 555394), anti-human/mouse SSEA4 (R&D catalog number FAB1435A), anti-human TRA160 (BD catalog number 560193). Sorting was conducted using a BD FACSAria cell sorter. Then the cells were pelleted and quickly frozen in liquid nitrogen or sorted directly in RLT + 2-mercaptoethanol lysis buffer (QIAGEN).
PMA RNA-Seq Library Construction and Illumina Sequencing
PMA RNA-seq library was prepared as previously described (Pan et al., 2013) . Reads mapped to hg19 human genome were used for subsequent analyses. The details are given in Supplemental Experimental Procedures. All public data used in this study were summarized in Table S5 .
Gene Expression Analysis
RNA was isolated using an RNeasy minikit (QIAGEN) and used for reverse transcription with iScript (BioRad) according to the manufacturer's protocol with primer sets in Table S6 .
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Cell culture. Detroit 551 fibroblasts (ATCC CCL110) were maintained in DMEM high glucose (Gibco) supplemented with 10% FBS and penicillin/streptomycin. Human ESCs and iPSCs were cultured on irradiated murine embryonic feeder cells (Millipore), and stem cell medium composed of DMEM/F12, 20% knockout serum replacement, 2mM non-essential amino acids, 2mM L-glutamine, 4ng/ml bFGF, and 0.1mM 2-mercaptoethanol. Retrovirus production was carried out as previously described (Park et al., 2008) . OCT4, SOX2, KLF4, and c-MYC, cloned into the pMIG retrovirus backbone, were transfected individually along with pCMV-Gag-Pol, pCMV-VSVG, and the transfection reagent X-tremeGENE 9 (Roche) in 293T cells. The supernatant was collected at 24, 48, and 72 hours post-transfection, and spun at 23 000 rpm for 1.5 hours. The virus pellet was dissolved in DMEM medium followed by titration in 293T cells.
iPSC reprogramming and cell sorting. The reprogramming procedure was conducted as previously described (Park et al., 2008) . Detroit 551 cells were seeded at 100 000 cells/well of a 6-well plate one day prior to infection. A retrovirus cocktail containing OCT4, SOX2, KLF4, and c-MYC was added to each well at MOI 5. The next day cells were washed 3 times with 1X PBS. On day 5-post infection, the cells were trypsinized and transferred into 10-cm culture dishes containing MEFs. One day later the medium was switched to KSR-based ESC medium and subsequently changed every other day. Prior to sorting the cells were detached using accutase, washed, and incubated in 20% FBS in 1X PBS with the following antibodies, according to manufacturer's recommended dilutions: anti-human CD13 (BD cat.# 555394), antihuman/mouse SSEA4 (R&D cat.# FAB1435A), anti-human TRA160 (BD cat.# 560193). Sorting was conducted using a BD FACSAria cell sorter. Then the cells were pelleted and quickly frozen in liquid nitrogen, or sorted directly in RLT + 2-mercaptoethanol lysis buffer (Qiagen).
PMA RNA-seq library construction and Illumina sequencing. RNA was isolated from each intermediate population as well as D551 parental fibroblasts, iPSCs derived from PGP1 and D551 fibroblasts, and H1 and H9 ESCs. PMA RNA-seq library was prepared as previously described (Pan et al., 2013) . Briefly, the cells were collected, washed and stored at -80 °C as pellet before processing. RNA was isolated using RNeasy Plus Micro Kit (Qiagen cat.# 74034). Then single stranded cDNA was transcribed using Superscript III in the presence of carrier RNA (Life Technologies cat.# 18080-051). Double-stranded cDNA was generated by using the above single-stranded reaction (unpurified) in the presence of E. Coli DNA Polymerase I, E.Coli DNA Ligase, and RNaseH. The reaction was purified in the presence of carrier DNA (Zymogen cat.# D4013) prior to the ligation reaction involving end-repair enzymes and T4 DNA ligase (End-It, Epicentre cat.# ER0720). Finally, the circularized double-stranded DNA product was amplified using Phi29 DNA polymerase (Epicentre cat.# RH031110), followed by gel purification. The product was then sonicated, and library preparation conducted using standard Tru-Seq Illumina kits, followed by sequencing in HiSeq 2000.
Data processing of RNA-seq. Human genomic sequence and RefSeq gene coordinate (version hg19) were downloaded from the UCSC genome browser. All RNA-seq reads were aligned to human reference genome (hg19) by Tophat (v2.0.10) using SAMtools (v0.1.18) and Bowtie (v2.1.0) with default parameters (Trapnell et al., 2009) . Unmapped reads were trimmed from 3'end and the first 50bp retained to remove error-prone 3'end. These trimmed reads were mapped to the human genome by Tophat again, and results from the first and second round mapping were merged. Then, Cufflinks (v1.2.1) was run to calculate Fragments Per Kilobase of exon model per Million mapped fragments (FPKM) by using RefSeq genes as reference annotation with "-G" option (Trapnell et al., 2010) . PCA was performed to log2-transformed FPKM of 12,573 genes, which average FPKM values more than 1. Factor loading values were used to classify genes into three classes: fib/type I (PC1<0.2 and PC3>0.4), type II (PC1>0.2, PC2>-0.5 and PC3>0) and type III/ESC/iPSC-enriched genes (PC1<0.2 and (PC2+PC3)/2<-0.4). GO analysis was performed by hyperGTest function in GOstats in the Bioconductor package. Multiple-test correction was adjusted by Benjamini & Hochberg (BH) method using p.adjust function in R. The enrichment of signaling pathways and developmental genes was analyzed by GSEA (v2.0.14) software (Subramanian et al., 2005) . Parameters for GSEA were set as 100 permutations of gene sets, classic enrichment statistic and signal-to-noise separation metric. 0.05 FDR was used as a cutoff for statistical significance. Gene sets used in this study were collected from public microarray data, databases and literature (Table S2) .
Public microarray data analysis. Five microarray experiment data (GSE59435, GSE15603, GSE42379, GSE47489, and GSE18691) were used in this study Hanna et al., 2009; Polo et al., 2012; Tanabe et al., 2013; Theunissen et al., 2014) . Probe sets not overlapped with Refseq genes were removed, and those in same Refseq genes were collapsed by average. Differentially-expressed genes were identified with more than 3-fold changes and less than 0.05 FDR by T test and BH method. The datasets GSE59435 and GSE15603 were used to generate "naïve high" and "primed high" gene sets by comparison between naïve and primed ESC/iPSC in human and mouse, respectively (Table S2B ). In Tanabe et al. dataset, "day3" was up-regulated genes at day 3 from fibroblasts. The datasets of "day11" was identified by comparison to the day 3 dataset, and "iPSC" was compared to day 11. All other gene sets were obtained from comparison to fibroblasts (Table S2A) (Chung et al., 2014) . Expression profiles were transformed to z-score in each cell, and then visualized by PCA. K-means clustering was performed to all intermediate cells with "centers=4" by kmeans function in R. Clusters, which are the nearest to fibroblasts and ESCs, were defined as fibroblast-like and type III group, respectively. A cluster between fibroblast-like and type III was categorized into type I. The farthest cluster from ESCs was classified into type II group.
Histone modification data analysis. Raw sequence data of ChIP-seq for H3K4me3, H3K27ac, H3K27me3 and H3K9me3 in fibroblast cells were downloaded from NCBI Short Read Archive (SRA) . ChIP-seq reads were mapped to hg19 genome by Bowtie2 with options "--local -D 15 -R 3 -N 1 -L 20 -i S,1,0.50 -k 1". The number of ChIP-seq reads in TSS±500bp was counted and then normalized by the total number of uniquely-mapped ChIP-seq reads to the genome. SRA IDs of ChIP-seq data used in this study were summarized in Table  S5A .
Transcription factors and LIN28 target analysis. ChIP-seq raw data for initial binding of OSKM in fibroblasts and OSKM, NANOG and PRDM14 in ESCs were obtained from NCBI SRA Kunarso et al., 2010; Lister et al., 2009; Soufi et al., 2012) . After mapping to hg19 genome by Bowtie2, their binding sites were identified by MACS2 peak caller with options "-g hs -q 0.05" (Feng et al., 2012) . Refseq genes including transcription factor binding sites within 15k bp upstream and gene body regions were selected as targets. LIN28A binding sites in ESCs (GSM980593) were obtained from NCBI Gene Expression Omnibus (GEO) and reassigned from hg18 to hg19 using liftOver program (Wilbert et al., 2012) . RefSeq genes including at least one LIN28A binding site in exons were selected as LIN28A targets. Overrepresentation of target genes in fibroblast-type I, type II and type III-ESC/iPSC gene group was evaluated by hypergeometric test with phyper function in R.
Analysis of endogenous OSKM. Endogenous OSKM gene expression was calculated using count of RNA-seq reads mapped to regions, which are not included in ectopic OSKM mRNA (Table S4) . RNA-seq reads covering at least three base pairs in these regions were defined as endogenous OSKM-derived reads. The number of endogenous OSKM-derived reads was then normalized by total count of mapped reads. For endogenous OSKM analysis in mouse, we used RNA-seq data in MEFs, E14 mESCs, two partially-reprogrammed cells and a fully reprogrammed iPSC (Klattenhoff et al., 2013) (Table S5B) .
Alternative splicing analysis. First, all splice junctions detected by Tophat were merged from all RNA-seq libraries (Fig. S2A ). In each library, the number of spliced reads was counted at each splice junction and normalized by total number of mapped reads. In this study, splice junctions outside of RefSeq gene bodies were removed from subsequent analysis as part of novel transcripts or noises. To evaluate stage specificity of alternative splicing, we measured JensenShannon (JS) divergence between the splice junction expression pattern and an extreme case of stage-specific expression, relying on (Cabili et al., 2011) . Briefly, at each splice junction, the normalized read count r of library i were transformed to a density r' as: 
Finally, the stage specificity score was defined as: Score(S) = 1− JS(S) The stage specificity score, gene expression level, and average of the normalized read count were compared with all-pairwise comparison of five reprogramming stages. Finally, as AS candidates, we selected splice junctions, satisfying the following: 1) the difference of the stage specificity score is more than 0.35, 2) average gene expression level of both stages are more than 5 FPKM, and 3) the normalized read count of at least one compared intermediate population pair is more than 1 for one pair member and less than 0.05 for the other.
Expression of CCNE1 splicing variants was measured by read counts mapped to exon8-exon9, exon9-exon10 (uCCNE1), and exon8-exon10 (pCCNE1) junctions. The count was normalized to the total number of mapped reads. The splicing pattern of CCNE1 was also tested in mESC, mEpiSC, nuclear transfer human stem cell, Sendai virus-derived hiPSCs and polycistronic vector-derived hiPSCs using RNA-seq data from independent groups (Factor et al., 2014; Friedli et al., 2014; Ma et al., 2014; Yu et al., 2014) . We also performed qPCR confirmation of uCCNE1 and pCCNE1 expression in parental D551 fibroblast and four hiPSC clones generated by in-house polycistronic pMIG vector (pMIG-4F).
We also tested CCNE1 splicing in transgene-free hiPSCs by public RNA-seq data (Lister et al., 2011) . Since their read size is short (<50bp), we measured the expression level of CCNE1 variants by a different approach. First, we built an index file from a fasta file including cDNA sequences of uCCNE1 and pCCNE1 by bowtie-build (v0.19.7). Then, we mapped RNA-seq read to the cDNA sequence with exact matching by bowtie ("-v 0 --sam -m 1 -a --best --strata" option). The normalized count of uniquely mapped reads to total number of reads was measured as expression level of each variant. cDNA cloning and lentivirus construction. CCNE1 isoforms (pCCNE1 and uCCNE1) were PCR amplified from H9 ESC cDNA with primers containing restriction sites of EcoRI and XhoI (Table S6) using Quick-Load® Taq 2X Master Mix (NEB, cat.# M0271S). Each isoform was purified by 2% agarose gel and Zymoclean™ Gel DNA Recovery Kit (Zymo Research, cat.# D4002). Purified cDNA was cloned into the pMIG vector, and confirmed by Sanger sequencing. For retrovirus production, each clone was transfected along with pCMV-Gag-Pol, pCMV-VSVG into HEK293T cells with 70-80% confluence at a ratio of 2:1:1.5, together with X-tremeGENE 9. The medium was changed one day after transfection, and then collected at 48 and 72 hours posttransfection. After filtration and concentration, the retrovirus was titrated and drug selected in 293T cells prior to use.
Reprogramming with CCNE1 variant. D551 fibroblast cells were seeded at 25 000 cells/well in 12-well plate before the experiment. Fibroblasts were infected with OSKM retrovirus cocktail and either empty vector, pMIG-uCCNE1, or pMIG-pCCNE1 retrovirus with MOI 5, and cultured as described above. After four weeks, the cells were fixed and stained the using Alkaline Phosphatase (AP) Assay Kit (Sigma-Aldrich cat.# 86R-1KT). Immunostaining was also performed by adding anti-SSEA4 (BD Pharmingen, cat.# 560218) and anti-TRA160 (BD Pharmingen, cat.# 560173) antibodies for 1 hour at 4 °C. Then, the cells were washed with PBS three times. Colonies stained with both markers were counted under a fluorescence microscope.
Allele-specific gene expression analysis. For estimation of allelic bias in the intermediate states, potential variant sites were first called from each RNA-seq mapping result using mpileup command in SAMtools with "-Bugf" options and view command in BCFtools (v0.1.17) with "-bvcg" options. Resultant variations were filtered by varFilter command in vcfutils.pl script with default parameters. Indel, deletion or more than two alternate non-reference alleles were removed from subsequent ASE analyses. Variant sites covered by all D551 samples were used to calculate ASE ratio as following formula: Variant sites with more than 0.8 or less than 0.2 average ASE ratio were removed as sequence errors or mutant gene expression from a small cell population. The bias of ASE is also measured as averaged absolute value of the difference between ASE ratio and 0.5.
SNP expressions of RPN and P4HB were identified by PCR amplification of cDNA (Quick-Load® Taq 2X Master Mix). Primers were designed in exon-exon junctions to avoid contamination of genomic DNA (Table S6 ). Amplified cDNA was subjected to Sanger sequencing in the Keck DNA Sequencing Facility at Yale School of Medicine.
For validation of ASE in polycistronic vector-derived iPSC reprogramming, we analyzed RNA-seq data from (Friedli et al., 2014) in the same manner.
Electroporation Amaxa® Cell Line Optimization Nucleofector® Kit was used to electroporate plasmid into human D.551 cells with the nucleofector device program A-023. Either pMIG empty (5 µg), pMIG-OSKM (5 µg), or episomal plasmid DNA (11ug) was electroporated into 10^6 fibroblasts. Episomal vectors oriP/EBNA1used were from (Yu et al., 2009) as follows: pCEP4-M2L containing MYC and LIN28 (2 µg) pEP4EO2 SET2K containing OCT4, SOX2, and KLF4 (3 µg) pEP4EO2 SEN2K containing OCT4, SOX2, NANOG, and KLF4 (3 µg)
